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HIGHLIGHTS 


•  Crystal  orientation  of  epitaxial  LiCo02  thin  films  on  SrTi03  substrates  is  revealed  via  X-ray  pole  figure  measurement. 

•  LiCo02  thin  films  on  SrTi03  (100)  and  (110)  have  a  cube-on-cube  orientation  relationship  with  the  substrates. 

•  LiCo02  film  is  predominantly  (OOl)-oriented  on  (111)  SrTi03,  and  the  orientation  relationship  is  accompanied  with  60°  in-plane  rotation. 
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LiCo02  (LCO)  thin  films  are  epitaxially  grown  on  (100),  (110)  and  (111)  0.5  wt%  Nb-doped  SrTi03  (Nb:STO) 
substrates  by  pulsed  laser  deposition  and  their  crystalline  orientation  relationship  investigated  via  X-ray 
pole  figure  measurement.  This  investigation  reveals  that  the  LCO  films  grown  on  Nb:STO  (100)  and  (110) 
have  a  cube-on-cube  orientation  relationship  with  the  substrates  to  be  (104)-  and  (018)-oriented, 
respectively,  while  the  relationship  is  accompanied  with  60°  in-plane  rotation  on  (111)  Nb:STO  to  yield  a 
predominantly  (OOl)-oriented  LCO  film.  The  (104)-oriented  LCO  film  on  (100)  Nb:STO  substrate  exhibits 
high  rate  capability  up  to  100  C. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  power  most  of  today’s  portable  electronics 
and,  in  enlarged  form,  hybrid  electric  vehicles.  On  the  other  hand, 
there  is  also  increasing  demand  for  micro-batteries  including  thin- 
film  batteries  for  use  in  micro-devices  such  as  MEMS  and  drug 
delivery  systems.  In  thin-film  batteries,  thick  electrodes  are 
necessary  to  store  a  large  amount  of  energy  within  a  limited  foot¬ 
print.  However,  increased  thickness  usually  lowers  rate  capability; 
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one  of  the  dominant  rate-determining  factors  is  grain  boundary 
resistance.  One  way  to  overcome  this  problem  is  forming  an  active 
material  layer  without  grain  boundaries,  which  can  be  achieved 
through  epitaxial  growth  of  the  active  material  into  single  crystal 
[1,2].  In  addition,  in  the  case  of  LiCo02  (LCO),  which  is  a  typical 
cathode  material,  crystal  orientation  in  the  epitaxial  thin  film  will 
also  affect  the  electrode  performance,  because  LCO  has  a  layered 
rock-salt  structure  to  show  anisotropic  ionic  conduction.  An  earlier 
study  has  demonstrated  that  the  crystal  orientation  of  epitaxial  LCO 
thin  films  is  controllable  by  depositing  the  films  on  a  different 
lattice  plane  of  a  SrTi03  (STO)  substrate  [3].  In  this  study,  we  pre¬ 
pared  epitaxial  LCO  thin  films  in  line  with  the  same  approach  and 
characterized  the  LCO  thin  films  by  X-ray  pole  figure  measurement 
in  order  to  clarify  the  epitaxial  relationship. 
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Fig.  1.  X-ray  pole  figures  for  an  LCO  film  on  a  Nb:STO  (100)  substrate,  (a)  003LCO,  (b)  104LCo,  and  (c)  110Lco/018LCo. 


2.  Experimental 

Epitaxial  LCO  thin  films  were  grown  on  electron-conductive 
0.5  wt%  Nb-doped  SrTi03  (Nb:STO)  single  crystal  substrates  with 
$10  mm  x  0.5  mmf  in  order  to  ensure  current  collection  during 
electrochemical  measurement.  The  crystal  orientation  of  the  LCO 
films  was  characterized  using  X-ray  diffraction  techniques, 
including  pole  figure  measurement. 

The  films  were  deposited  on  (100),  (110),  and  (111)  Nb:STO 
substrates  by  pulsed  laser  deposition  (PLD).  Sintered  Lii.iCo02+<5 
pellet  (TOSHIMA  Manufacturing  Co.,  Ltd.)  was  used  as  the  PLD 
target.  A  KrF  excimer  laser  (A  =  248  nm)  was  operated  at  a  repe¬ 
tition  rate  of  10  Hz  for  the  target  ablation.  Our  recent  reports  on 
thin-film  growth  have  revealed  that  ablation  laser  energy  density 
(fluence)  and  oxygen  pressure  (P02)  are  key  parameters  for  stoi¬ 
chiometric  film  growth  [4].  In  the  present  study,  fluence  and  P02 
were  fixed  at  0.37  J  cm-2  and  0.1  Pa,  respectively.  The  substrate  was 
heated  to  500  °C  during  the  deposition.  These  ablation  conditions 
gave  a  growth  rate  of  0.039  A  s-1.  After  deposition,  the  LCO  film  was 
annealed  in  a  PLD  chamber  at  700  °C  under  P02  of  103  Pa  for  1  h  to 
improve  its  crystallinity. 

The  crystal  orientation  of  the  LCO  films  was  investigated  by  in¬ 
plane  pole  figure  measurement  [5]  using  an  X-ray  diffractometer 
(XRD,  Rigaku,  SmartLab)  equipped  with  a  rotating  Cu  target.  The 
pole  figures  were  taken  for  reflections  of  LCO  003  (denoted  by 
003LCo,  and  likewise  hereafter),  104LCo,  IIOlco,  and  018lco  with  a 
step  of  1.0°.  Prior  to  the  pole  figure  measurement,  asymmetric 
diffraction  measurements  were  performed  in  addition  to  out-of¬ 
plane  and  in-plane  measurements  with  2-bounce  Ge  220  mono- 
chromated  CuKoci  radiation  in  order  to  determine  the  26  values 
precisely  for  each  reflection.  Meanwhile,  non-monochromated  X- 
ray  was  used  in  the  pole  figure  measurement  to  obtain  high 
diffraction  intensity.  It  should  be  noted  that  the  26  values  for  IIOlco 
and  018lco.  both  of  which  correspond  to  an  after-mentioned  220 
reflection  from  a  cubic  NaCl  structure,  are  too  close  to  differentiate 
under  the  non-monochromated  X-ray.  In  fact,  the  pole  figures  we 
obtained  for  the  IIOlco  and  018Lco  reflections  are  quite  similar  to 
each  other.  Therefore,  they  are  presented  as  110lco/018lco  pole 
figures  in  this  paper. 

An  all-solid-state  cell  was  fabricated  in  order  to  investigate 
electrode  performance.  The  LCO  film  for  the  electrochemical  mea¬ 
surement  was  annealed  additionally  in  air  at  700  °C  for  5  h  after  the 
annealing  in  the  chamber  in  order  to  further  promote  crystalliza¬ 
tion.  Powder  Li3.25Ge0.25P0.75S4  (thio-LISICON  6])  was  used  as  the 
solid  electrolyte.  An  In-Li  alloy  was  selected  as  the  counter  elec¬ 
trode  and  formed  by  attaching  a  piece  of  lithium  (2  mg)  to  indium 
foil  (60  mg).  The  surface  of  LCO  film  was  coated  with  a  Li3P04  (LPO) 
layer  before  the  cell  assembly,  otherwise  the  interfacial  resistance 
between  the  LCO  film  and  the  solid  electrolyte  was  too  high  to 
investigate  the  electrode  properties.  The  high  resistance  comes 


from  a  highly-resistive  space-charge  layer  formed  at  the  LCO/sul- 
fide  electrolyte  interface,  and  the  formation  of  the  resistive  layer 
can  be  suppressed  by  interposition  of  an  oxide  solid  electrolyte 
layer  at  the  interface  [7-9].  Also  in  this  study,  the  surface  of  the 
epitaxial  LCO  thin  film  was  coated  with  10  nm  of  LPO  by  PLD  as 
reported  in  Ref.  [10],  which  reduces  the  interfacial  resistance  to  be 
low  enough  to  investigate  the  electrode  properties.  The  LPO-coated 
LCO  film  on  the  Nb:STO  substrate  and  the  In-Li  alloy  were  attached 
to  both  sides  of  a  thio-LISICON  layer  (150  mg)  as  working  and 
counter  electrodes,  respectively,  and  they  were  pressed  together  at 
around  500  MPa  to  form  a  three-layered  pellet  with  a  10  mm 
diameter.  The  LCO  film  was  then  charged  and  discharged  at  room 
temperature  using  a  potentiogalvanostat  (VSP,  Bio-Logic).  Because 
the  electrode  potential  of  the  In-Li  alloy  counter  electrode  is  0.62  V 
vs.  Li+/Li,  the  upper  cutoff  voltage  was  set  at  3.58  V  in  order  to 
charge  the  epitaxial  LCO  thin  film  up  to  4.2  V  vs.  Li+/Li,  which 
corresponds  to  charging  up  to  Lio.sCo02  11  ].  The  charging  rate  was 
fixed  at  0.01  C,  while  the  discharging  rate  was  varied  from  0.01  C  to 
100  C,  where  the  rate  of  137  mA  g-1  was  defined  as  1  C.  The  specific 
capacity  was  estimated  based  on  the  film  thickness  as  determined 
by  X-ray  reflectivity  measurement  and  the  theoretical  density  of 
5.0  g  crrr3. 

3.  Results  and  discussion 

Fig.  1  shows  the  X-ray  pole  figures  for  the  60.2  nmf  LCO  film  on 
the  Nb:STO  (100)  substrate.  All  the  pole  figures  exhibit  four- fold 
symmetry,  which  is  consistent  with  the  crystal  symmetry  of  the 
Nb:STO  (100)  plane.  The  003lco  reflections  appear  as  spots  at 
a  =  36°  (a:  angle  from  substrate  surface)  as  shown  in  Fig.  1(a), 
which  correspond  to  the  <111  >  directions  of  the  Nb:STO  substrate 
and  thus  indicate  that  the  LCO  film  consists  of  four  types  of  domains 
with  their  c-axes  parallel  to  the  <lll>Nb:STO  directions.  On  the 
other  hand,  Fig.  1(b)  illustrates  that  the  pole  located  at  a  =  90° 
(center  of  pole  figure,  surface  normal)  originates  from  104Lco  re¬ 
flections,  which  reveals  that  the  epitaxial  LCO  thin  film  is  (104)- 
oriented  on  the  Nb:STO  (100)  substrate  as  reported  in  a  previous 
study  [3].  All  the  spots  in  Fig.  1(b)  and  (c)  can  be  indexed  on  the 
basis  of  a  domain,  which  gives  the  003  reflection  at  a  =  36°  and 
jfl  =  315°  in  Fig.  1(a).  As  shown  in  Fig.  1(b),  the  <104>Lco  reflections 
give  the  poles  in  <100>Nb:sio  directions,  indicating  a  crystal 
orientation  relationship  of  <104>Lco||<100>Nb:STO-  Instead,  the 
positions  of  the  110lco/018lco  reflections  in  Fig.  1(c)  indicate  that 
both  <110>lco  and  <018>lco  are  parallel  to  <110>Nb:STO-  It  goes 
without  saying  that  the  poles  from  the  other  three  domains  in 
Fig.  1(a)  should  give  the  same  patterns  due  to  their  four- fold 
symmetry,  which  overlaps  into  the  pole  figures. 

This  epitaxial  relationship  is  explainable  by  the  structural  sim¬ 
ilarities  between  LCO  and  STO.  LCO  has  an  NaCl-type  structure, 
where  Li  and  Co  are  ordered  in  the  cation  sites  among  a  face- 
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cente red-cubic  (fee)  oxygen  array  to  form  alternate  Li  and  Co  layers 
along  the  [111]  direction  in  the  NaCl-type  cubic  lattice  (hereinafter 
denoted  by  [111 ]Naci)-  The  cation  ordering  elongates  the  cubic  lat¬ 
tice  along  the  [111  ]n3ci  and  lowers  the  symmetry  to  rhombohedral, 
as  illustrated  in  Fig.  2,  where  the  rhombohedral  structure  of  LCO  is 
expressed  in  a  hexagonal  cell  [13  .  On  the  other  hand,  STO  has  a 
cubic  perovskite  structure.  Because  the  perovskite  structure  is  very 
similar  in  oxygen  arrangement  to  the  NaCl-type  structure,  the  LCO 
film  grown  on  the  STO  substrate  is  expected  to  have  a  cube-on-cube 
relationship  (Fig.  2).  The  elongation  from  cubic  to  rhombohedral 
makes  (1/2  1/2  l/2)Naci  and  (200)Naci  into  (003)lco  and  (104)lco> 
respectively,  and  splits  {220}Naci  into  (IIO)lco  and  (018)lco- 
Therefore,  the  LCO  film  has  the  (104)  orientation,  because  (104)lco 
corresponding  to  (200)Naci  should  be  parallel  to  the  (IOO)sto  sur¬ 
face  in  the  cube-on-cube  epitaxy.  In  addition,  Li  and  Co  are  ordered 
along  the  four  different  <lll>Naci  directions  to  the  same  degree  to 
give  the  four-domain  structure. 

Pole  figures  for  the  65.6  nmf  epitaxial  LCO  thin  film  on  the 
Nb:STO  (110)  substrate  in  Fig.  3  indicate  that  the  cube-on-cube 
relationship  holds  for  the  epitaxial  growth  on  the  Nb:STO  (110) 
substrate.  Poles  for  the  003lco  and  104Lco  reflections  are  located  in 
the  <111  >Nb:STO  and  <100>Nb:sio  directions,  respectively,  and 
poles  for  the  IIOlco  and  018lco  reflections  are  in  the  <110>Nb:sTo 
directions,  as  expected  from  the  cube-on-cube  relationship.  The 
two  spots  in  Fig.  3(a)  suggest  that  the  film  has  a  two-domain 
structure,  while  the  film  on  Nb:STO  (100)  has  a  four-domain 
structure. 

The  four  <lll>Nb:STO  axes  in  the  Nb:STO  (100)  substrate  are 
equivalent  not  only  in  terms  of  crystal  structure,  but  also  in  terms  of 
their  orientation  relationship  with  the  substrate  surface,  and  thus  Li 
and  Co  are  ordered  along  the  four  axes  equally  to  give  the 
commensurate  four-domain  structure.  In  contrast,  they  are  not 
equivalent  in  terms  of  their  orientation  relationship  with  the 


Fig.  2.  Schematic  representation  of  cube-on-cube  configuration  between  LCO  and  STO. 
Li  and  Co  are  ordered  in  the  NaCl-type  cubic  lattice  indicated  by  the  solid  lines  to  make 
a  hexagonal  unit  cell  for  LCO,  which  is  indicated  by  dashed  lines.  The  crystal  structures 
were  drawn  by  VESTA  [12]. 


Nb: STO  (110)  substrate:  [lll]Nb:SToand  [lll]Nb:STO  make  an  angle  of 
55°  with  the  substrate  surface,  while  [1 1  l]Nb:STO*  [lll]Nb:sro» 
[1 1  l]Nb:STO>  and  [1 1  l]Nb:sTO  along  the  surface.  Absence  of  poles  at 
a  =  0°  indicates  that  the  LCO  film  does  not  include  domains  with 
the  c-axis  parallel  to  the  in-plane  <lll>Nb:ST0l  the  c-axis  in  the 
domains  is  parallel  to  [111  ]Nb:STO  or  [lll]Nb:STO-  The  poles  are 
indexed  on  the  basis  of  the  domain  with  [001]Lco||[lll]Nb:STO, 
which  gives  a  pole  for  the  003  reflection  at  a  =  55°  and  (3  =  270°.  In 
Fig.  3(c),  the  Miller  index  for  the  pole  at  a  =  90°  is  018,  which  in¬ 
dicates  that  the  LCO  film  has  a  (018)  orientation,  although  it  has 
been  reported  that  a  (llO)-oriented  LCO  thin  film  has  been  grown 
on  a  Nb:STO  (110)  substrate  3].  The  difference  may  derive  from 
different  growth  conditions;  however,  the  (018)  orientation  seems 
preferable  for  the  reasons  described  below. 

The  lattice  mismatch  between  the  LCO  thin  film  and  the  Nb:STO 
substrate  is  smaller  in  the  (018)  orientation  than  in  the  (110) 
orientation.  In  the  (018)-oriented  LCO  thin  film  on  the  Nb:STO  (110) 
substrate,  [014]LCO  and  [2l0]LCO  are  parallel  to  [001]Nb:sTO  and 
[H°]Nb:STO’  and  the  lattice  mismatches  in  those  directions  are  2.6% 
and  2%,  respectively.  In  contrast,  the  corresponding  mismatches  in 
[114]LCo  and  [lT8]LC0  in  the  (llO)-oriented  LCO  thin  film  are  2.6% 
and  3.3%,  respectively.  Moreover,  first  principles  calculations  have 
revealed  that  the  (001)  surface  has  the  lowest  surface  energy 
among  several  surfaces  of  LCO,  while  surface  energy  for  (110)  is 
quite  high  [14  .  The  difference  in  surface  energy  will  make  the  (110) 
orientation  less  preferential  on  (110)Nb:STO,  causing  the  (001) 
orientation  predominant  on  (lll)Nb:STO  to  show  a  (001)  surface,  as 
described  below. 

Unlike  the  above  cases,  epitaxial  growth  on  the  Nb:STO  (111) 
substrate  does  not  conform  to  the  simple  cube-on-cube  relation¬ 
ship.  The  003  reflections  from  the  52.5  nmf  LCO  film  on  the  Nb:STO 
(111)  substrate  appear  as  four  spots  as  shown  in  Fig.  4(a),  which 
suggest  the  four-domain  structure  of  the  film.  The  intensity  is 
higher  by  several  orders  of  magnitude  at  a  =  90°,  indicating  a 
predominant  (001)  orientation  with  [001  ]lcoI  I  [Til  ]Nb:STO-  It  is  ex¬ 
pected  from  the  cube-on-cube  relationship  that  the  other  three 
weak  spots  come  from  domains  with  [001  ]lco  parallel  to  the  other 
<111  >Nb:STO  directions  and  thus  the  (012)  orientation.  In  fact,  spots 
are  located  at  70°  from  the  [111  ]Nb:STO  direction,  which  is  consistent 
with  the  angle  between  [lll]Nb:STO  and  [llT]Nb;ST0.  However,  they 
are  not  in  the  other  <lll>Nb:STO  directions;  the  pole  figure  in¬ 
dicates  that  the  three  weak  [001  ]lco  spots  are  rotated  by  60°  in  (3 
angle  with  respect  to  the  other  <lll>Nb:STO  directions. 

In  fact,  all  the  other  poles  appear  with  60°  in-plane  rotation 
from  that  expected  based  on  the  cube-on-cube  relationship  as 
shown  in  Fig.  4(b)  and  (c).  It  should  be  noted  that  pole  figures  for 
the  104LCo  and  110LCo/018Lco  reflections  have  clear  six  spots  at 
a  =  35°  and  55°,  respectively.  At  a  glance,  those  spots  seem  to 
indicate  coexistence  of  the  60° -rotated  and  non-rotated  domains. 
Flowever,  asymmetric  2 0-cj  scans  using  CuKoci  radiation  has 
revealed  that  the  poles  at  the  non-rotated  positions  are  attributable 
to  200Nb;STO  and  220Nb:STO  reflections  from  the  substrate,  respec¬ 
tively,  generated  by  Cul<[3  radiation,  because  non-monochromated 
radiation  includes  a  0.5%  I<(3  line  [5],  and  the  200Nb:STO  and 
220Nb;STO  reflections  by  Cul<(3  coincide  with  104Lco  and  IIOlco/ 
018lco  reflections  by  CuKa,  respectively. 

This  in-plane  arrangement  may  be  explainable  by  the  surface 
termination  state  of  the  Nb:STO  (111)  substrate.  A  (lll)-oriented 
STO  consists  of  Ti  and  Sr03  layers  stacked  alternately  in  the  [111  ]sto 
direction.  Although  [ 111  ]sto  is  a  three-fold  inversion  axis,  a  Sr03- 
terminated  surface  has  a  trigonal  lattice  with  six-fold  rotational 
symmetry,  which  should  give  coexistence  of  the  60° -rotated  and 
non-rotated  LCO  domains  at  an  equal  rate.  However,  this  is  not  the 
case,  as  shown  in  Fig.  4.  In  contrast,  a  Ti-terminated  surface  has 
three-fold  symmetry.  On  this  surface,  the  60° -rotated  domain 


690 


K.  Nishio  et  al.  /  Journal  of  Power  Sources  247  (2014)  687-691 


Fig.  3.  X-ray  pole  figures  for  an  LCO  film  on  a  Nb:STO  (110)  substrate,  (a)  003Lco.  (b)  104LCo,  and  (c)  110Lco/018Lco- 


seems  feasible  as  compared  to  the  non-rotated  one,  in  view  of  the 
interface  matching  with  Li/Co-terminated  LCO,  where  the  cube-on- 
cube  configuration  is  broken  at  the  interface.  Such  rotation  often  is 
observed  at  heteroepitaxial  interfaces  between  STO  (111)  and  Pt 
(111)  [15,16]. 

Both  the  (001 )  and  (012)  orientations  of  LCO  on  Nb:STO  (111 )  are 
conceivable  due  to  the  similarity  of  their  oxygen  arrays  of  LCO. 
However,  the  predominant  (001)  orientation  of  LCO  was  observed 
in  this  study.  From  the  standpoint  of  lattice  matching  between  LCO 
and  Nb:STO,  the  (001 )  orientation  of  LCO  is  more  favorable  than  the 
(012)  orientation  on  the  Nb:STO  (111)  substrate.  In  the  (001  ^ori¬ 
ented  LCO  domain  on  the  Nb:STO  (111)  substrate,  [TT0] LC0  is  par¬ 
allel  to  [101]Nb;STO,  and  the  corresponding  mismatch  in  direction  is 
2%.  Meanwhile,  in  the  (012)-orientated  LCO  domain,  [108]LCO  is 
parallel  to  [101]Nb;STO,  and  the  corresponding  mismatch  is  3.3%. 
Preferential  orientation  would  stem  from  better  lattice  matching 
between  the  LCO  film  and  the  Nb:STO  substrate  as  well  as  surface 
energy  as  described  above  in  the  (018)-oriented  LCO  thin  film  on 
the  Nb:STO  (110)  substrate. 

Additionally,  six  104lco  poles  with  intensity  values  close  to  the 
background  level  were  observed  at  30°  rotation  in  0  angle  from  the 
200Nb:STO  poles,  as  shown  in  Fig.  4(b).  This  fact  indicates  the  pres¬ 
ence  of  two  other  c-axis-oriented  domain  structures  that  are 
rotated  by  30°  along  the  [lll]Nb:sio  axis.  A  rotational  transition 
between  the  cube-on-cube  configuration  and  30°  in-plane  rotation 
has  been  found  in  NaCl-type  MgO  (111)  film  [17]  and  Wurzite  AIN 
(0001)  film  [18,19]  on  STO  (111)  with  dependence  on  film  growth 
temperature.  In  the  case  of  MgO,  it  has  also  been  pointed  out  that 
the  30°  rotational  configuration  is  predominant  on  the  Sr03- 
terminated  STO  substrate.  Although  further  research  is  needed  to 
find  the  origin  of  the  orientation  relationship  between  the  LCO  thin 
film  and  the  Nb:STO  (111)  substrate,  in-plane  rotational  configu¬ 
rations  of  the  LCO  film  may  reflect  the  surface  termination  state  of 
the  Nb:STO  (111)  substrate. 


Electrode  properties  were  investigated  in  order  to  confirm  that 
the  obtained  epitaxial  films  have  characteristics  of  LCO  in  terms  of 
electrochemistry  as  well  as  crystallography.  Fig.  5  shows  discharge 
curves  for  a  (104)-oriented  film  with  the  thickness  of  76.9  nm  at 
various  discharging  rates.  Capacity  at  a  low  discharge  rate  is  not 
high;  the  discharge  capacity  at  0.01  C  is  75  mAh  g_1,  while  ideal 
capacity  is  137  mAh  g-1.  Inclusion  of  impurities  is  a  possible  reason 
for  the  low  capacity;  however,  C03O4,  which  is  the  most  conceivable 
impurity  phase,  was  not  detected  in  the  Raman  spectra  from  the 
films  (not  shown).  Therefore,  it  can  be  concluded  that  the  low  value 
of  capacity  originates  from  overestimation  of  the  film  weight, 
which  is  calculated  based  on  the  theoretical  specific  weight  of  LCO. 
In  spite  of  the  low  capacity  at  the  low  rate  of  discharge,  35%  of 
capacity  at  0.01  C  is  kept  even  at  a  high  rate  of  discharge  with  100  C, 
which  indicates  that  epitaxial  growth  is  a  promising  approach  for 
overcoming  the  low  rate  capability  from  which  all-solid-state  sys¬ 
tems  suffer. 


Fig.  5.  Discharge  curves  for  an  all-solid-state  battery  using  a  (104)-oriented  LCO 
epitaxial  thin  film  on  a  Nb:STO  (100)  substrate.  Discharging  in  the  range  from  0.01  C  to 
100  C  was  performed  after  charging  at  0.01  C. 


Fig.  4.  X-ray  pole  figures  for  an  LCO  film  on  a  Nb:STO  (111)  substrate,  (a)  003Lco.  (b)  104LCo,  and  (c)  110Lco/018Lco-  Poles  labeled  with  red  Miller  indices  in  (b)  and  (c)  are  200Nb:STo 
and  220Nb:STo  reflections,  respectively,  by  CuK(3  radiation. 
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This  paper  presents  discharge  curves  only  for  a  (104)-oriented 
film,  because  (001)  plane  is  the  most  upright  on  the  substrate 
surface  in  the  (104)  orientation  to  facilitate  access  to  the  inter¬ 
layer  galleries.  It  is  indeed  interesting  to  examine  orientation 
dependence  of  the  electrode  properties,  and  thus  the  same 
experiment  has  been  performed  for  the  films  with  different 
orientations.  However,  because  not  only  crystal  orientation  but 
also  surface  morphology,  for  instance,  affects  the  electrochemical 
reactions,  it  is  almost  impossible  to  discuss  the  orientation 
dependence  only  from  the  comparison  between  the  discharge 
curves  without  unifying  other  parameters.  Some  additional 
electrochemical  measurements  and  analyses  are  under  progress 
in  order  to  reveal  the  orientation  effects,  which  will  be  reported 
in  near  future. 

4.  Conclusions 

In  summary,  X-ray  pole  figure  measurement  in  the  present 
study  has  revealed  that  LCO  films  are  epitaxially  grown  on  single¬ 
crystal  Nb:STO  substrates  on  the  basis  of  the  cube-on-cube  rela¬ 
tionship  of  the  oxygen  arrays,  where  Li  and  Co  layers  are  stacked 
alternately  along  the  diagonals  of  the  cube.  An  LCO  thin  film  on  a 
Nb:STO  (100)  substrate  shows  a  (104)  orientation  and  four-domain 
structures  due  to  the  equivalence  in  the  diagonals.  In  contrast,  the 
film  on  a  Nb:STO  (110)  substrate  has  two  (018)-oriented  domains, 
although  a  (110)  orientation  is  also  possible  based  on  the  cube-on- 
cube  epitaxy.  The  cube-on-cube  configuration  is  accompanied  with 
60°  in-plane  rotation  in  the  epitaxial  growth  on  a  Nb:STO  (111) 
substrate.  The  LCO  film  grown  on  Nb:STO  (111)  is  predominantly 
(OOl)-oriented  with  a  minor  amount  of  (012)-oriented  domains. 
The  rate  capability  of  the  (104)-oriented  LCO  thin  film  demon¬ 
strates  that  epitaxial  growth  is  a  promising  way  to  realize  high- 
performance  all-solid-state  batteries. 
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